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FORE  WORD 

I 
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Kupelian,  and  was  monitored  by  the  U.  S.  Army  Missile  Command 
under  Contract  Number  DA-30-069r AMC-216  (Z), 


TM  109 

pHge  2 


SUMMARY 

A  wide  variety  of  fuels  are  examined  to  determine  those  suitable 
for  an  external  combustion  application  in  a  specified  range  of  flight 
conditions.  The  original  list  of  27  fuels  in  5  classes  is  reduced  to  9 
which  are  potentially  acceptable.  The  5  classes  of  fuels  examined 
are:  hydrocarbon  and  alcohol  liquids,  hydrocarbon  gases,  bydronitrogens, 
pyrophoric  fuels  and  monopropellants.  The  nine  selected  fuels  are: 

JP-4,  JP-  S,  accty  ene,  TEA,  TMA,  TEB,  TBB,  pentaborane  and 
aluminum  borohydride.  Further  considerations  regarding  ignitability , 
stability  of  combustion  and  availability  and  cost  indicate  that  only  TEA, 
TMA,  TEB  and  mixtures  of  hydrocarbons  and  these  three  pyrophoric 
fuels  may  be  acceptable. 


I.  INTRODUCTION 
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Recent  developments  in  the  control  of  hypersonic,  atmospheric  vehicles 
using  combustion  techniques  (I,  1)*  and  external  burning  lift-thrust  devices 
(1,2)  require  the  use  of  fuels  with  unique  properties.  This  stems  from  the 
adverse  gas  dynamic  conditions  under  which  the  combustion  must  occur;  for 
example,  in  many  instances  the  free- stream  flow  is  supersonic.  As  a  result 
an  ideal  fuel  would  be  one  possessing  all  of  the  following  properties: 

1.  Eaz  e  of  storage.  In  this  regard,  fuels  which  are  in  the  liquid  phase 
at  normal  temperatures  and  pressures  are  preferable  to  those  which  are 
gaseous  at  these  conditions  and  must  be  carried  either  at  high  pressure 
or  cryogenic  ally.  High  liquid  fuel  density  is  also  desireable. 

2.  Ease  and  repeatability  of  ignition.  It  is  clear  that  fuels  which  are 
pyrophoric  under  the  flight  conditions  of  interest  possess  an  advantage 
over  those  which  must  be  ignited  by  an  external  sourcv  ;  for  example, 
spark  ignition. 

3.  Low  ignition  delay  and  c  emical  reaction  times. 

4.  High  energy  content. 

5.  Wide  limits  of  inflammability. 

6.  Low  heat  of  vaporization  permitting  rapid  flashing  of  the  liquid 
fuel  into  vapor. 

7.  A  high  degree  of  flame  stability  and  good  efficiency  of  combustion. 

8.  A  ready  availability  and  reasonably'  low  coat. 


♦Numbers  in  parentheses  refer  to  references  at  the  end  of  the  report. 
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Clearly,  no  single  fuel  possesses  all  of  the  above  characteristics  and, 
as  a  result,  the  fuel(s)  must  be  chosen  on  the  basis  of  a  specific  mission 
requirement  and  must  incorporate  all  the  properties  necessary  to  success¬ 
fully  carry  out  the  mission.  In  Section  II,  a  particular  flight  requirement 
is  set  forth  and  a  number  of  potential  fuels  are  evaluated  in  Section  III,  On 
the  basis  of  the  criteria  outlined  above,  nine  possible  fuels  are  select*  d  and 
their  properties  are  discussed  in  Section  IV, 
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W.  FLIGHT  CONDITIONS 

.As  an  example  of  flight  conditions  involving  the  use  of  external  combus¬ 
tion  for  hypersonic  vehicle  control,  the  following  conditions  are  assumed: 

Burning  is  desired  on  the  surface  of  an  8°  half-angle  cone  travelling  in 
the  velocity  range  of 

6,  000  £  10,  000  ft. /sec, 

in  the  altitude  range  of 

3,000  s  h  £  20,000  ft. 

Under  these  altitude  conditions.  Reference  (I,  3)  indicates  the  following 
ranges  of  static  temperature,  pressure  and  density  and  velocity  of  sound: 


508.  0  £ 

T 

GO 

£ 

447.  4  °R 

1896.  6  £ 

Poo 

a 

972.  49  lb/ft2 

0.  06996  £ 

oo 

£ 

0.  04075  lb /ft 

1105.  3  £ 

a  „ 

OO 

£ 

1037.  3  ft/ sec 

Using  the  data,  presented  in  Reference  (I.  4)  for  supersonic  flow  over  cones, 
the  following  ranges  may  be  readily  evaluated  foi  conditions  on  the  cone 
surface:  J4,  14  a  pc  <  48.  l0  p„ia 

135  £  Tc  £  350  °F 

2990  £  ra  £  8350  °F 

c 

4.7  £  Mc£  7.5 


5 S50  £  V,  £  9850  ft /fee 
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It  should  be  pointed  out  here  that  the  temperatures  tt 'oughout  much 
of  the  boundary  layer  may  be  substantially  higher  than  the  inviscid  static 
temperatures  indicated  above.,  The  importance  of  this  fact  with  regard 
to  ignition  of  the  fuel -air  mixture  is  apparent. 
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IJI.  FUEL  SELECTION 

In  Table  I,  a  large  number  o£  fuels  are  tabulated  along  with  several 
relevant  properties  of  these  fuels  obtained  from  References  II.  1-7,  III.  1-5 
and  IV,  1-2.  The  fuels  chosen  for  initial  examination  fall  into  five  general 
categoric®: 

Claes  1.  Hydrocarbon  and  Alcohol  Liquids 

Claus b  2.  Hydrocarbon  Gases 

Class  3,  Hydronitrogens 

Class  4.  Pyrophoric  Fuels 

Class  5,  Mono-pro  pell  ant  s 

In  an  effort  to  select  fuels  which  might  reasonably  fulfill  the  external 
burning  requirement  set  forth  in  the  previous  section,  the  following  parameters 
were  selected  for  examination: 

1.  Normal  boiling  point.  When  this  parameter  fails  in  the  range  of 
room  temperature  and  above,  the  fuel  may  be  readily  stored  and  carried 
in  the  liqrid  state.  Ail  the  class  1  fuels  have  boiling  points  in  this  range 
(Methyl  alcohol  is  marginal)  as  do  hydrazine  (Class  3,  )  the  Class  4  fuels, 
ani  the  Class  5  fuels  (hydrogen  peroxide  is  also  mt  arginal).  The  remaining 
fuels  must  be  stored  under  pressure  and/or  under  refrigeration.  It  should 
be  noted  here  that  hydrogen  has  been,  omitted  from  consideration  entirely 
because  of  its  esttoremely  low  N.  B.  P.  (-422.  9°F),  necessitating  difficult 
and  weighty  cryogenic  storage. 
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2.  Liquid  density.  Due  to  space  (volume)  limitation!),  a  high  liquid 
density  is  desireable.  Conversely,  for  a  given  volume  allotment,  a  high 
liquid  density  permits  the  carrying  of  additional  fuel.  An  examination  of 
Table  I  indicates  that  butane,  heptane,  hexane,  octane,  the  Class  2.  fuels, 
ammonia,  TEB,  pentaborane,  and  aluminum  bor<  ydride  possess  relatively 

low  liquid  densities  (less  than,  say,  45  lb.  /ft. 

3.  Heat  of  vaporization.  As  pointed  out  in  Section  I,  for  aa  external 

burning  application,  .rapid  flashing  of  the  liquid  fuel  to  the  vapor  phase  is 
desire  able.  From  Table  I,  it  may  be  seen  that  most  of  the  funis  have  a 
fairly  low  AHy  (say,  less  than  200  BTU/lfo. )  with  the  exception,  of  acetone, 
ethane,  ethylene,  pentaborane  and  nit rorn ethane,  which  a r e  marginally  poor, 
and  the  following  which  have  substantially  higher  heats  of  vaporization:  ethyl 
alcohol,  methyl  alcohol,  the  hydronitrogens  and  hydrogen  peroxide. 

4.  Heat  of  combustion.  This  serves  as  a  measure  of  the  thermal  energy 
which  can  ultimately  be  extracted  from  one  pound  of  fuel.  As  such,  a  high 
value  is  always  desireable.  In  this  case,  acetone,  ethyl  alcohol,  methyl 
alcohol,  the  hydronitrogens  and  especially  the  monopropellants  are  inferior. 
Pentaborane  and  aluminum  borohydride  aave  particularly  high  values  of  AH  . 

5.  Limits  of  inflammability.  For  any  combustion  application,  wide 

i 

flammability  limits  are  desire  able.  Table  I  indicates  values  for  this  para¬ 
meter  in  air  at  standard  initial  conditions.  An  outstanding  fuel  in  this  regard 
is  acetylene ,  whose  limits  exceed  even  those  ci  hydrogen  (4.  1-74%  by  volume). 
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The  Class  4  fuels t  hy  their  pyxo$*horic  aafure,  will  react  with  almost  any 
quantity  of  oxygen  present.  (Pen  sborane  appears  to  be  somewhat  restricted 
in  this  regard*  }  Hydrazine  possesses  exceptionally  wide  limits  also. 

6.  Spontaneous  ignition  temperature.  It  is  clear  that  a  low  value  of 
this  parameter  circumvents  the  difficulties  which  carrying  an  ignition  source 
engenders,,  By  definition,  the  pyrophoric  fuels  have  very  low  ignition  temp¬ 
eratures,  especially  TEA,  TMA  and  aluminum  borohydride.  Recalling  that 

135  £  Tc  sc  350  °F 

and  thst  boundary  layer  temperatures  will  be  somewhat  higher,  it  may  be 
seen  that  the  following  fuels  might  also  prove  satisfactory  at  the  conditions 
of  interest:  heptane,  hexane,  pentane,  octane,  J P-4,  JP-5,  acetylene  and 
hydrazine. 

Using  the  above  criteria,  the  following  fuels  are  judged  to  be  satisfactory 
for  the  specified  application: 

Class  1.  JP-4  and  JP-5  which  possess  reasonably  high  liquid  densities, 
low  &HV  ,  average  BHcand  limits  of  inflammability,  and  low  ignition  tempera- 
ture. 

Class  2.  Acetylene,  which  in  apil.e  of  the  necessity  of  carrying  it  under 
pressure  (or  at  low  temperatur  },  must  be  considered  by  virtue  of  its  very 
wide  flammability  limits  and  reasonably  low  spontaneous  ignition  temperature. 

Class  3.  Both  fuels  arej  precluded  fr  om  use  as  a  result  of  their  low  heats 

of  combustion  and  high  heats  of  vapori.  ation. 
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Class  4.  All  six  fuels  tabulated  in  this  category  are  acceptable  for  use 
on  the  basis  of  this  initial  evaluation. 

Class  5.  Very  low  heats  of  combustion,  and  a  high  &  H^in  the  case  of 
hydrogen  peroxide,  eliminate  the  fuels  in  this  class  from  further  consider¬ 
ation. 

In  the  next  sect  a  closer  examination  is  made  of  the  nine  fuels 
selected  above. 
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.IV.  PROPERTIES  OF  SUITABLE  FUELS 

The  nine  fuels  selected  for  further  evaluation  are  JF-4,  JP-5,  acetylene 
and  the  pyrophoric  fuels;  TEA,  TMA,  TBB„  pentaborane  and  aluminum 
borohydride.  In  this  section,  a  closer  evaluation  is  made  of  the  physical 
and  tiisermochemical  properties  of  these  fuels,  as  well  as  a  discussion  of 
availability  and  cost. 

A.  Physical  Properties 

Curve®  of  vapor  pressure  as  a  function  of  temperature  are  shown  in 
Figure  1.  An  examination  of  the  acetylene  curve  indicates  that  at  room  temp¬ 
eratures,  pressures  in  excess  of  700  psia  will  be  required  in  order  to  carry 
this  fuel  in  the  liquid  phase.  Alternatively,  if  liquid  acetylene  is  carried 
under  its  own  vapor  pressure  at,  say  50  psia,  a  temperature  of  about  -85°F 
is  required.  The  remaining  fuels  are  readily  carried  as  liquids.  In  the  cases 
of  TEA,  TBB  and  JP-5,  fairly  high  temperatures  are  necessary  to  ensure 
flashing  into  the  -vapor  phase.  For  example,  at  a  pressure  of  3  0  psia  ^which 
is  in  the  range  of  the  cone  pressures),  TEA  requires  a  temperature  of  about 
400°F,  TBB  about  450°F  and  JP-5  about  470°F  to  bring  about  a  phase  change. 
In  applications  where  flashing  to  the  vapor  phase  is  siesireable  to  promote 
stable  combustion,  these  fuels  may  prove  unsatisfactory. 

On  the  other  hand,  these  three  fuels  possess  higher  liquid  densities  than 
the  others,  as  shown  in  Figure  2.  TEB,  pentaborane,  and  aluminum  boro  ¬ 
hydride  have  somewhat  lower  liquid  densities,  particularly  the  last-named. 
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Clearly  a  more  specific  mission  requirement  is  necessary  in  order  to  reach 
a  decision  on  the  minimum  acceptable  liquid  density. 

Other  physical  properties  of  these  fuels  of  less  immediate  interest  (e.  g.  , 
surface  tension,  viscosity,  etc.  )  are  readily  obtainable  from  the  cited 
references. 

B.  Thermochemical  Properties 

vVith  the  exception  of  pentaborane  and  aluminum  borohydride,  the  fuels 
chosen  have  heats  of  combustion  in  the  hydrocarbon  range  of  18,  000  -  20,  000 
BTlJ/lb.  (see  Table  I).  Pentaborane  has  the  highest  AHC  (29,  100  BTU/ib.  )» 
which  may  make  it  prefeeatbbdefor  applications  in  which  particularly  high 
temperatures  or  velocities  are  desireable.  However,  its  range  of  pyro¬ 
phoricity  is  restricted  (Figure  3).  No  data  is  available  on  its  ignition  delay 
or  chemical  reaction  times.  In  addition,  there  are  limitations  on  pentaborane’ s 
cost  and  availability,  as  will  be  discussed  subsequently. 

Aluminum  borohydride  also  possesses  a  somewhat  higher  heat  of  combus¬ 
tion  (24,800  BTU/lb.  ).  It  is,  in  addition,  very  highly  reactive  when  compared 
with  other  pyrophoric  fuels.  For  example,  in  Reference  I.  5  it  is  shown  that 
at  the  adverse  tunnel  conditions  of  Mach  2  flow  (2.  8  psia,  312°R),  aluminum 
borohydride  and  hydrocarbon-aluminum  borohydride  mixtures  (22%  and  41% 
by  weight  of  JP-4)  ignited  easily  on  the  tunnel  wail  (pentaborane  ignited  with 
less  ease),  whereas  TMA,  TMB,  TEB  and  other  pyrophoric  fuels  tested 
either  failed  to  ignite  or  burned  it.  the  tunnel  diffuser.  A  severe  restriction 
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to  the  u®e  of  aluminum  borohydride,  however,  lies  in  its  lack  of  availability 
and  inordinately  high  coat,  as  will  be  discussed  presently. 

The  remaining  pyrophoric  fuels  are  similar  in  characteristics  except 
for  the  somewhat  high  spontaneous  ignition  temperature  of  TBB  (190°FL 
Their  small  ignition  delay  times  when  compared  with  the  JP  fuels  and 
acetylene  are  demonstrated  in  Figures  4  and  5.  It  should  be  pointed  out 
that  all  the  pyrophoric  fuels  possess  the  disadvantage  of  creating  solid 
constituents  as  a  product  of  combustion.  For  the  case  of  the  aluminum - 
containing  fuels,  this  product  is  aluminum  oxide  (Al^Gj)  and  for  the  boron 
compounds,  it  is  boric  oxide  The  detrimental  effect  of  these  solid 

constituents  generally  takes  the  form  of  plugged  valves,  pipes  and  injectors 
unless  extreme  care  is  taken.  Even  then  the  problem  may  be  amavoidable. 
Here  again,  a.  further  definition  of  the  overall  mission  requirement  and  equip¬ 
ment  is  necessary  prior  to  reaching  a  decision  on  the  use  of  these  fuels. 

For  the  problem  at  hand,  the  JP  fuels  or  acetylene  might  prove  adequate. 
In  the  event  that  the  elevated  boundary  layer  temperatures  are  insufficient 
to  ignite  these  fuels,  external  ignition  will  be  required  (spark  igniter,  hot 
wire,  etc.  ).  In  the  experiments  of  Reference  I.  5,  a  59%  JP-4  (by  weight)- 
aluminum  borohydride  mixture  could  not  be  successfully  ignited  in  the  desired 
region,  resulting  in  a  weak  flame  downstream  of  the  epark  plug  used  in  these 
experiments.  Also,  it  was  shown  that  tandem  injection  of  JP-4  and  aluminum 
borohydride  resulted  in  burning  only  when  the  latter  was  present.  The  JP-4 
was  unable  to  sustain  combustion  by  itself. 

It  appears,  then,  that  for  most  external  burning  applications  in  supersonic 
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flows  one  of  the  pyrophoric  fuels  must  be  used,  although  mixtures  of  hydro¬ 
carbons  and  pyrophoric s  may  also  be  possible  fuels, 

C .  Availability  and  Coat 

No  consideration  will  be  given  here  to  the  hydrocarbon  fuels  which  are 
readily  available.  Of  the  pyrophoric  fuels,  pentaborane  and  aluminum 
borohydride  are  by  far  the  most  expensive  and  most  difficult  to  obtain.  For 
example,  a  discussion  with  the  Kiel  and  Propellant  Product  Manager  at  the 
Gallery  Chemical  Company  revealed  that  thev  no  longer  manufacture  penta¬ 
borane  on  a  production  scale.  Laboratory  preparation  of  this  fuel  escalates 
the  cost  to  about  $450  per  pound. 

However,  a  large  supply  of  pentaborane  exists  in  inventory  .about  2  x 
105  pounds)  at  a  former  Callery  production  site  in  Oklahoma.  Permission 
to  obtain  the  fuel  from  this  source  must  be  obtained  from  the  Air  force, 
and  the  price  is  of  the  order  of  $15  per  pound. 

A  similar  situation  exists  with  aluminum  borohydride.  A  former  manu¬ 
facturer  of  this  compound  (Metal  Hydrides,  Inc.  ,  Beverly,  Mass.  )  no  longer 
produces  the  fuel  except  on  a  small  laboratory  scale.  Under  these  circum¬ 
stances  the  cost  is  of  the  order  of  $50,  000  for  thft.  initial  two  pound  batch 

On  the  other  hand,  the  remaining  pyrophoric  fuels  are  readily  available 
at  far  tower  cost  from  such  firms  as  Texas  Alkyls  and  the  Ethyl  Corp.  For 
example,  in  32  pound  cylinders  a  recent  Texas  Alkyl  Price  Schedule  (2/18/63) 
indicates  the  cost  of  TEA,  as  $2  15  per  pound.  In  very  large  quantities .(  i.  e.  , 
30,000  lbs.  or  greater),  the  price  drops  to  $1.50  per  pound.  Equivalent 
prices  hold  for  the  other  pyrophoric  fuels. 
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From  the  above ,  it  maybe  concluded  that  unless!  full  scale  production 

of  peataborane  or  aluminum  borohydride  is  resumed,  one  oi  the  mure 
readily  available  pyrophoric  fuels  must  be  employed. 


TM  109 
page;  16 


V.  CONCLUSIONS 

A  survey  has  been  made  of  a  large  number  of  fuels  in  an  effort  to 
determine  the  most  suitable  for  use  in  a  specified  external  burning  appli¬ 
cation,  The  original  list  of  27  fuels  in  five  classes  is  reduced,  after  a 
preliminary  evaluation,  to  nine  acceptable  fuels:  JP-4,  JP-5,  acetylene, 
TEA,  TMA,  TEB,  TBB,  pentaborane  and  aluminum  borohydride.  The  latter 
six  of  these  fall  into  the  class  of  pyrophoric  fuels.  Mixtures  of  JP  and  pyro- 
phorics  may  also  prove  acceptable. 

Additional  limitations  tend  to  reduce  this  list  still  further.  For  example, 
under  the  flight  conditions  of  interest,  spontaneous  ignition  of  JP-4,  JP-5 
andnacetylene  is  marginal.  As  a  result,  one  of  the  pyrophoric s  must  very 
likely  be  used. 

At  the  lower  condition  of  cone  surface  temperature  (135op)  the  high 
spontaneous  ignition  tempe r ature  of  TBB  (190°F)  makes  this  fuel  unaccept¬ 
able.  In  addition,  availability  of  pentaborane  and  aluminum  borohydride  is 
extremely  restricted,  and  prices  are  very  high. 

Ag  a  result,  for  most  missions  carried  out  in  the  specified  ranges  of 
flight  conditions,  the  three  pyrophoric  fuels,  TEA,  TMA,  and  TEB  appear 


to  be  the  most  satisfactory'. 
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